Executive Summary
Reductions in vehicle weight will be necessary to dramatically increase vehicle fuel economy and address concerns about global warming. The purpose of this report is to explore the relationship between vehicle weight and fatalities in traffic accidents. One of the most interesting possibilities is to use new technologies to reduce vehicle weight while maintaining vehicle size to protect occupant safety.
1 Two-vehicle crashes are the largest source of traffic fatalities, accounting for 43% of traffic fatalities in 1999. Fatalities in car-to-car crashes have sharply declined even while the number of cars on the road has gradually increased. Car-to-car head-on fatalities dropped 35% in the 1980s and did drop another 25% in the 1990s. If one looks at fatalities in new cars only, the decline is even more rapid-an 80% decrease for 1980-97! The consequences of car-to-car head-on fatalities have been revolutionized by protection technology, motivated in part by the standardized crash test. Seat belts and air bags are increasingly effective in protecting occupants. Powerful computer-assisted efforts also enable safety improvements in the design and manufacture of vehicle structures.
Light trucks crashing with cars now cause many more fatalities than cars crashing with cars. Collisions where trucks strike cars on the side are now the largest cause of fatalities in twovehicle crashes. Over two thousand lives would be saved annually by establishing "compatibility" between cars and light trucks.
2 This means reducing the mass differential between cars and those light trucks used as car substitutes by making the heavier vehicles lighter. Compatibility in height and stiffness is also required-for example, for the front of the striking vehicle (truck) and the side of the struck vehicle (car). Compatibility involves both vehicles: The lighter cars would not be made still lighter, but would be made larger in selected ways.
Such changes can be achieved with the help of mass-reduction technologies. First, the basic structure of light truck car-substitutes that are now body-on-frame would instead be unibody (like today's cars) or perhaps space frame. Second, the use of lightweight materials (such as high-and ultrahigh-strength steels, aluminum, and engineering plastics) would be emphasized. Third, high-efficiency propulsion systems would be much lighter. These technologies include: (1) small displacement engines with a much higher ratio of power-to-displacement; (2) automatic transmissions that function smoothly without a torque converter (with sophisticated motor-shifted standard transmission or continuously variable transmission); and (3) on-shaft starter-generators with a 42 volt (V) electrical system, enabling idle-off and other modest hybrid-drive capabilities without a heavy battery.
There are also many deaths in one-vehicle crashes-31% of all fatalities are from collisions with stationary objects like trees, parked cars, and utility poles. Fatalities in these crashes have also declined, perhaps for similar reasons as the decline in car-to-car crash fatalities, although the decline has not been as rapid. Progress could continue in the face of mass (but not size) reduction because cars that are "overweight" for their size do not appear to offer significant added protection. Some 12% of fatalities in cars and light trucks occur in "non-collision" events, mostly rollovers following driver loss of control. The likelihood of a rollover is increased by certain design features, such as high center of mass, narrow track width, and softness of suspension with respect to roll. The likelihood is also increased by a high load, like passengers and luggage in an sport utility vehicle (SUV) with its high floor. The historical correlation in cars of light weight with rollovers is not inherent, but a matter of design. In new model cars, this correlation has essentially disappeared. With rollover tests and standards, design changes will also be made to reduce rollovers in light trucks.
In Europe, efforts to develop extremely light/small vehicles (by U.S. standards) are leading to the development of relatively effective protection systems for that vehicle class, although it appears that the safety technology may increase both cost and weight. The European studies we have seen have not examined the option of maintaining or even increasing size while reducing vehicle weight using new lightweight materials.
Our conclusions regarding the impact of reducing vehicle weight on vehicle safety are:
(1) The high mass ratio of most "light" trucks over cars is an inherent aspect of incompatibility in crashes. Reduction in the mass and other incompatibilities of the light trucks would result in a major decrease in car fatalities and in fatalities overall. (2) Moreover, increasing size in selected ways, such as increased crush space and stiffness at the sides, is likely to be a powerful technique for reducing traffic fatalities.
In a nutshell, from a safety perspective the United States needs to resolve the incompatibility of light trucks with cars and it needs to continue development and adoption of powerful crash mitigation and avoidance technologies. Making heavier vehicles lighter (but not smaller) and making lighter cars larger (but not heavier) would not only increase safety but also increase fuel economy. We project a fuel economy increase of over 50% in association with these safety measures.
Introduction
Critics of higher fuel economy standards for vehicles have long argued that improving vehicle fuel economy will require reducing vehicle weight, and that that would result in an increase in the number of fatalities from vehicle crashes. 3 Several researchers have estimated that an acrossthe-board reduction of vehicle weight would reduce passenger safety (Evans 1991; Kahane 1997; U.S. GAO 1994) . However, little research has been done on the relationship of vehicle size and fatality rates, independent of weight (see, however, Joksch, Massie, and Pichler 1998) .
In this report we review previous analyses of the relationship of vehicle weight and safety. We do this to study the opportunities to improve fuel economy in a more sophisticated way than acrossthe-board mass reduction. The aim is to explore improvements in traffic safety by making selected vehicle groups lighter, and retaining or enlarging selected vehicle dimensions. Unfortunately, the effects of size and mass have not been accurately separated in the crash fatality data, so some of our claims are only supported by general arguments from physics. In a follow-up report we will attempt to analyze crash fatality data to determine crashworthiness if the weight of certain vehicle groups would be decreased while maintaining or increasing vehicle size.
The first section of this report provides an introduction to fatal vehicle crashes in the United States. We summarize several trends in automotive crash statistics over the last 20 years. Then we discuss approaches analysts have taken in studying factors that affect "exposure", the likelihood of being involved in a serious crash. In Section 2 we discuss standardized crash tests and the basic physics of crashes. We review previous research on the effect of vehicle mass in two-vehicle crashes in Section 3. We also present new research on reductions in risk achieved by recent light vehicles. Section 4 presents previous estimates of the effect of reductions in vehicle mass and size on the number of fatalities overall. Section 5 presents our scenario for making light duty vehicles safer while improving fuel economy.
Trends in Automotive Safety
Two things are happening that are dramatically altering automotive safety: (1) safety technology is continuing to progress rapidly, saving lives and incidentally rendering older safety analyses obsolete; and (2) light duty trucks have become a major part of the automotive fleet and, in most designs adopted, have proven "incompatible" with the safety of occupants of conventional passenger cars. 4 Changes in automotive technology today are much more rapid than they were even a decade ago. The new safety technologies discussed by the 1992 National Research Council fuel economy panel have largely been implemented (National Research Council 1992, pp. 58-60) . Other safety technologies are now being developed and deployed. Changes are so rapid that evaluations based on past performance must be viewed with caution. There are two major areas of technological change with respect to the safety of vehicle occupants.
First, the impact of crashes is being mitigated. Seat belt use has substantially increased (Table  1 .4, below). More sophisticated and effective internal restraints are being, or will soon be, installed in all market segments. Airbags in new locations and improved airbags have been well publicized. Also of great potential importance are changes in seat belt design, like belts with four anchors, pretensioning belts (which are beginning to be adopted), and load-limited belts (Bendjellal et al. 1997) . Parts of the vehicle with which occupants are likely to collide in a crash are being redesigned with the help of computer-aided design. New materials will change the old relationships between vehicle dimensions and mass; for example, crush space can be increased without increasing mass. The incompatibility of different vehicles in collisions is being systematically studied, and it is hoped that those studies will lead to major changes in vehicle geometry and stiffness.
Second, crash avoidance technology is becoming increasingly effective and there remains great potential to further reduce fatalities. Highway design and management has had great successes in reducing fatalities and severe injuries. Driver vision is being improved. Driver alertness is likely to be monitored. Faster, partially automated braking is being developed. Automatic observation of deviation from lane following, and alerts to drivers, are in development. And so on.
We do not claim that vehicles similar to today's light trucks are inherently incompatible with cars; with adequate changes in design they should not be. Nor do we believe that crash fatalities will be eliminated by safety technology. Our point is that historical patterns and relationships are in flux. At present, only the most robust and recent information from automotive crash statistics can be safely used as a guide for fully reliable estimates of the relationship between vehicle design and safety.
Fatality Statistics
For simplicity we focus on fatality statistics. The most important database used in the analyses reviewed here is the 1999 Fatality Analysis Reporting System (FARS) database produced annually by the National Highway Traffic Safety Administration (NHTSA) of the U.S. Department of Transportation. FARS includes a record of essentially all fatal highway crashes, with about 340 variables for each. It also includes detailed information on each vehicle and driver involved in each crash.
The historical record of traffic fatalities shows a gradual declining trend over the past 33 years, as shown in Figure 1 .1. The total number of fatal crashes and fatalities declined 18% from 1979 to 1999 even though the number of vehicles in use increased 55% and the vehicle miles traveled increased 75%. (The dips in Figure 1 .1 are associated with gasoline price hikes and economic recessions.) The figure also shows that fatalities per driver fell more than half during this period. Driving in the United States is safer than in almost all other major countries; nevertheless, the toll of severe injuries and fatalities is unacceptably high. Fortunately, the structure of fatal crashes reveals major opportunities for continued reductions in fatalities. The history of fatalities by type of crash is shown in Figure 1 .2. Fatalities in one-vehicle crashes declined moderately even while the number of vehicles increased by about half in this 20-year period. Fatalities in two-vehicle crashes increased slightly in recent years even while car-car crashes became much safer, in association with the aggressivity of light trucks, as discussed below. Fatalities among pedestrians and bicyclists declined sharply, perhaps due to improved road and intersection design. One-vehicle "non-collision" fatalities (mostly rollovers) declined but have been increasing lately due to the rollover tendency of some SUVs.
In Figure 1 .3 the history of driver fatalities in two-vehicle collisions is shown by percentages, where both vehicles are cars or light trucks only. There has been a dramatic decline of fatalities in car-to-car collisions, accompanied by a rise in the fatalities involving light trucks. There are two reasons: (1) the fraction of light trucks on the road has increased from 19% to 36% of all light duty vehicles on the road (U.S. TEDB 2000); and (2) car-to-car crashes have become much safer while car-light truck crashes have become only modestly safer. Car-light truck collisions are now the largest source of fatalities in two-vehicle collisions. 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 Calendar Year . An estimate of the additional deaths due to the substitution of light trucks for cars is presented below in Section 3.3. Figure 1 .4 shows the number of driver fatalities in the two main types of two-vehicle crashes: head-on vs. side-impact. Fatalities in head-on car-to-car collisions declined more than half during the 20-year period even while the number of cars on the road increased moderately and miles driven probably did not change substantially. Meanwhile, side-impact fatalities are becoming more important than frontal impacts. 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 Calendar Year .
Head-on, car/car Angle, car/car
In Table 1 .3, the vehicle configuration in two-vehicle crashes is shown for 1999. There are now more deaths in side-impact ("angle") collisions than in head-on collisions. The major role of light trucks in two-vehicle fatalities is again evident. In this section, we examine fatalities by model year for new cars (1 or 2 years of age) in order to focus on developments up to the late-1990s model years. We also examine fatalities per vehicle, i.e., using the number of vehicles 1 and 2 years of age as the denominator.
In Figure 1 .5, annual driver fatalities in car-car crashes are shown for the two main configurations, as in Figure 1. 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 Model Year of Fatality . The corresponding calculations for car-truck and truck-truck collisions (not shown) are less conclusive because of uncertainties associated with the rapid increase in truck population and with choice of denominator. These histories also show a relative growth in side-impact fatalities.
One-Vehicle Collisions with an Object
Now consider fatalities in one-vehicle collisions with a stationary object (excluding "noncollisions" like principal rollovers). Driver fatalities in these one-vehicle collisions are shown in Figure 1 .6. The vehicle with a fatality is 1 or 2 years old. The fatalities per million vehicles are similar for cars and trucks. This is not surprising since most light trucks are simply car substitutes, driven roughly the same way and encountering similar fatality risks when they strike an object. However, there is some improvement in the fatality rate of trucks relative to cars. This might be an averaging effect, associated with the adoption of SUVs during this period: SUVs are less dangerous than pickups. The data are not corrected for driver age and gender. In Table 1 .5, the main results from Figures 1.5 and 1.6 are abstracted. The driver fatalities in new vehicles, per vehicle, decreased strongly, most strongly for head-on car-car collisions, less strongly for side-impact car-car collisions, and still less strongly for collisions with stationary objects. It may be relevant that standardized testing programs have emphasized those types of crashes in that order. 
Rollovers
FARS distinguishes between rollovers as the first event (also called primary rollovers) and rollovers during subsequent events. Rollover fatalities in these two types were 36% and 64%, respectively, in 1999. Except for the tendency of (some) SUVs to be involved in fatal rollovers, the history of rollover fatalities (not shown) is irregular and not very revealing, perhaps because of changing interpretations by investigating officers, or poor statistics.
Kahane (1997) and U.S. GAO (1995) estimate that the greatest percentage increase in risk associated with a weight reduction in cars is from rollovers since the lightest cars in the 1980s were prone to rollover. Figure 1 .7 shows that the tendency of cars of low weight to predominate in rollover fatalities in the 1980s, but that this tendency has greatly diminished in the 1990s model years. The likelihood of rollovers depends primarily on design features, such as height of center of mass, track width, and stiffness of suspension with respect to roll (Gillespie 1992) . The historical correlation of such features with weight is not inherent, but a matter of design (as Kahane notes in his study). With rollover standards, design changes will be made to reduce rollovers for light trucks as well as for cars. 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 Model Year
Initial (primary) rollover
Single car collision, no rollover EPA average inertial weight -300 lbs Note: The EPA weight is the inertial weight less 300 lbs. The average weight of cars involved in pedestrian deaths, probably not biased toward light cars, is presented for comparison.
Analytical Approach
Most analyses of the role of vehicle type and design in crash fatalities are based on statistics of actual crashes. Although the application of mechanics and biomechanics is valuable, crashes and the reactions of human beings to them are complex. Thus, strong results based on experience tend to be more convincing than theory. However, statistical analyses of highway crashes depend on the existing system of vehicles, drivers, and roadways; they do not reflect the system as it will be in the future. And they do not fully reflect the impacts of recent safety technology, nor the rising impact of SUVs on fatalities. Since we seek to understand the consequences of fairly substantial changes to the vehicle fleet, we must also seek guidance from theory and standardized tests that have general implications, or those we believe are sensitive to future developments.
Another issue is the scope of analysis. A program that evaluates serious injuries and fatalities in automotive crashes should address three questions (adapted from Nash 1993):
(1) What are the key factors that affect the likelihood that a vehicle will be involved in a serious crash? For example, certain vehicles have a narrow track width and so may be more likely to be in rollover events. We briefly discuss aspects of this question, but do not analyze it. (2) When a specific crash occurs, what are the key factors that affect the likelihood of serious occupant injury? Here it is clear that occupants of larger, more massive cars and trucks have lower injury/fatality rates. The different roles of size and mass are at the center of our concern; they have not yet been definitively separated in analyses.
These two questions are important to an individual's quest for a safer vehicle. And there are many other factors that go into insuring one's safety on the road. From society's perspective, however, these two questions are secondary to the question: How can motor vehicle safety be improved for the public as a whole? That is:
(3) What is the effect of changes in characteristics of the vehicle fleet on the total number of severe injuries and fatalities, e.g., including the effects of one vehicle on the passengers of other vehicles? These characteristics include the distribution of vehicle sizes and mass over the entire fleet of vehicles. Illuminating this third question is our major goal.
Exposure vs. Risk of Fatality given a Crash
We are interested in how differences in vehicle design affect vehicle safety. Existing fatal crash data are the primary source of information. Let us say that we wish to compare the safety of a vehicle of Type A relative to that of Type B, and that fatal crashes are more common for A than B. However, such raw numbers are not very useful in themselves because there may be more vehicles of Type A, Type A vehicles may be driven more miles in a year than Type B, Type A may be driven by more dangerous drivers (such as young males), or Type A may tend to be driven at higher speeds on more dangerous roads (such as rural roads other than freeways). Factors like these strongly affect the number of serious crashes. The exposure of vehicles of Type A to serious crashes is critical to interpreting what fatal crash data can tell us about the risk of using that vehicle. Table 1 .6 lists some major exposure variables. It also shows driver and collision variables that can increase the likelihood of a fatality given a collision of a certain impact. Qualitatively, one should think of the risk of a fatality as the product of the risk of a crash of given severity, and the risk of fatality given that crash:
Often analysts choose the total number of vehicles as the base exposure variable because it is understood by everyone and the information is readily available. The risk of a crash, R(crash), is then expressed per registered vehicle per year. Alternatively, analysts might prefer to use annual miles traveled, but accurate mileage information is usually not available.
Conveniently available data is often the key. 6 Some variables that can strongly affect exposure to a potential collision are reviewed in 
Choice of Denominator
Any analysis of the factors affecting the likelihood of a fatal collision must involve more than simple vehicle counts. The probability of a fatality or "fatality risk" is defined by dividing by an appropriate denominator. Several denominators that have been used or discussed are shown in Table 1 .7. The choice does not mean that other crash/fatality factors are not then considered. It provides the context; it gives the analysis a particular cast. Nevertheless, the number of registered vehicles is frequently used as a denominator, probably because it is available and easy to understand.
Consider young male drivers. Teenage male drivers are estimated to have a fatality risk about 4 times that of 35-50-year-old males, and 7 times that of 35-50-year-old females (Kahane 1997, p. 6) . They also tend to drive smaller cars. For this reason, other things being equal, smaller cars are exposed to more high-speed crashes per registered vehicle.
Tow-away crashes. This is another denominator used by analysts. One calculates the number of fatalities per moderately serious crash. It has quite a different meaning than adopting registered vehicles as the denominator since it means that crash likelihood is not part of the analysis. This denominator reduces the severe exposure uncertainties surrounding the causes of crashes but does not eliminate all uncertainties. For example, some vehicles are damaged much more easily than others.
Consider rural diving, excluding expressways. The dependence of risk of serious crashes on rural vs. urban roadways is very strong, and is largely not taken into account by analysts because the information is not readily available. 8 In a survey of 1999 fatality patterns at the county level, a striking pattern of high traffic deaths per resident population is found in counties with low population density (Maureen Kreple, private communication). For 1980 , see Scientific American (1987 . There are roughly 6 times as many deaths per person in highly rural counties as in the average of a large sample of urban counties. It may be because high speed crashes are relatively common in rural non-freeway driving. This is potentially important because certain kinds of vehicles, like pickup trucks, are relatively common in rural driving. Unfortunately, information on whether a crash site is really rural or urban is difficult to determine in FARS.
9 Not-at-fault drivers/vehicles. In its analysis of factors affecting involvement in serious crashes, the U.S. Government Accounting Office (GAO) adopts not-at-fault vehicles in multiple vehicle crashes as a denominator. The assumption is that not-at-fault drivers/vehicles constitute a representative sample of vehicles on the road. For example, the ratio of at-fault male drivers to not-at-fault male drivers in serious two-car crashes determines how much more likely males are to cause such crashes relative to their presence as drivers (U.S. GAO 1995, p. 18) . This denominator has the flaw that it is sensitive to traffic density in the areas where the type of vehicle in question tends to be used, e.g., there are relatively few two-vehicle crashes in rural areas and many in Manhattan. Similarly, for part of his analysis, Kahane adopts the denominator temporarily stationary vehicles. (The not-at-fault characteristic of stationary vehicles has the advantage that it does not depend on a police officer's judgement of fault.)
Once a particular denominator has been chosen, analysts usually work to account for the effect of other selected variables. For example, since age and sex of drivers in crashes are known, one can reduce the sensitivity of an analysis to young male drivers by eliminating crashes involving young male drivers or one can also eliminate female drivers.
10 Or, if one wants to control for several variables, one can fit a form for the dependence of fatalities on those variables, like a linear dependence, and determine the size of the effects using a multiple regression technique. But it should be kept in mind that, with the strong dependence of fatal crashes on the driver and other non-vehicle characteristics, it is difficult to obtain accurate information on the role of the vehicle.
Crash Basics
In this section we discuss some of the basic physics involved in vehicle crashes. We start with a summary of basic crash terminology. Next, we describe the testing program undertaken by the government to understand crashes and to mitigate their consequences, followed by a discussion of the physics of crashes.
Terminology
The crashworthiness of a type of vehicle describes the risk of serious injury or death for occupants of that vehicle when it has been subject to some level of impact. A high degree of protection, or low risk, corresponds to high crashworthiness. Note that risk is a probabilistic concept.
Crashworthiness depends on three physical aspects of a crash: (1) the occupant coming into serious contact with the hard surfaces of the passenger compartment (such as the windshield, steering wheel, or dashboard); (2) intrusion of hard surfaces into the passenger compartment, including distortion of the compartment, with which an occupant may come into serious contact; and (3) acceleration of the passenger compartment and of the occupant (other than striking a hard surface). The acceleration is often irregular in time and complex in directionincluding twisting motions.
Aggressivity refers to the other vehicle in two-vehicle crashes (of some impact level). The aggressivity of a vehicle of Type A is the risk of serious injury or fatality for occupants of vehicles of Type B. Usually aggressivity refers to a comparison of risks, e.g., the aggressivity of a light truck is the risk to a car occupant in a collision with the light truck compared to the risk to the car occupant in a collision with another car.
Compatibility and incompatibility are related to aggressivity. In two-vehicle crashes of a given impact, compatibility is the ability of a vehicle to help protect not only its own occupants, but also the occupants of the vehicle with which it has crashed (Puppini et al. 2000) . Incompatibility refers to vehicle design differences that can adversely affect the risk of fatal injury to the occupants of another vehicle. Weight differences are one example. The growth in sales of SUVs has led to a new focus on design characteristics besides weight, such as vehicle height and front end stiffness, that may exacerbate crash incompatibility (Lund et al. 2000, p 77 ).
Standardized Crash Testing
The crashworthiness of new vehicle designs is regulated through the Federal Motor Vehicle Safety Standards (FMVSS) and is publicized through a rating program, the New Car Assessment Program (NCAP). Both are managed by NHTSA and are based on standardized crash tests. For frontal collisions, for example, new vehicles are equipped with sophisticated instrumented dummies and crashed head-on into a fixed barrier at 30 miles per hour (mph) for the standard FMVSS208 and 35 mph for NCAP. Indices related to the injury to head, chest (thorax), and other parts are measured. For example, new vehicles must achieve a head impact criterion index of less than 1,000 to meet the FMVSS certification standard.
11 The NCAP ratings are expressed in terms of a 5-star system.
A striking but not so surprising consequence of the measurements reported under NCAP are the great reductions that have occurred over time in frontal collision ratings for many vehicle models (Hackney, Kahane, and Quarles 1994) . The capabilities of engineers to improve products so that they meet challenging requirements in standardized tests is well established in many areas. Although much more difficult to demonstrate, actual crash data also shows improvement correlated with performance in standardized tests (Kahane 1994) .
It is noteworthy that some small, light cars perform at the safest levels in the standardized crash tests. While this is a remarkable improvement compared to the safety performance of 1 or 2 decades ago, 5-star performance by light cars should be viewed with some caution: The spectrum of crashes in the real world is much greater than tested; to some extent vehicles may now be designed not for general crashworthiness but to pass the regulatory test. Moreover, the acceleration to which light vehicles are subject in "real world" crashes tends to be greater than those felt in the test against a fixed barrier.
Basic Physics
The universe of fatal crashes is complex. Simple mechanics only describes the most general characteristics and may miss critical factors associated with the complexity of many crashes. But it does suggest ways to organize the analysis, and is valid at the most general semiquantitative level. Where possible, combining the guidance offered by simple physics with actual crash experience is a good way to proceed. Figure 2 .1 shows the cumulative distribution of crashes and fatalities, by ∆v, the vehicle's change in velocity due to the crash (adapted from Evans 1993). Fatality risks, or the probability of fatalities per crash, are shown on the right y-axis. (The data in dots are highly variable where statistics are poor; the gray line is a reasonable approximation.) Focusing on the cumulative fatalities (solid black line), one sees that that a large majority (75%) of fatalities occur at ∆v less than 35 mph; these crashes account for more than 99% of all vehicle crashes. If one could substantially reduce fatalities below 35 mph, most of the toll from vehicle crashes would be eliminated. (Note that vehicle speed and the overall change in vehicle velocity, ∆v, which is the x-axis in Figure 2 .1, are not well determined in crash data.
The specifics shown on that axis in Figure 2 .1 are rough.) Crashes that are fatal in the real world are highly variable. Some crashes are at too high a speed for effective protection, but those crashes are fairly rare. 
Momentum in a Vehicle-to-Vehicle Collision
In many moderately severe crashes, one may be able to neglect occupant's contact with the car's body or with intruding objects. The severity of injury is then determined by the accelerations to which the person is subject, and their duration. The typical collision lasts about one-tenth of a second, or 100 milliseconds.
The collision of two vehicles tends to leave the two vehicles attached. 12 In the simplest case, when the vehicles initially move directly toward each other, conservation of momentum shows that the lighter vehicle, L, experiences a larger change in velocity than the heavier vehicle, H:
The relationship implied by Equations 2.1 and 2.2 is:
The masses are inverted relative to the speeds. Thus, a relatively high mass for vehicle H means that vehicle L experiences the larger change in velocity.
More generally, in collisions with any moveable barrier, vehicles of relatively low mass experience relatively high changes in velocity. So the observed fatality risk is higher for lighter vehicles in those collisions. Therein lies the difficulty for reducing vehicle mass in order to improve fuel economy without compromising crashworthiness.
Acceleration in a Vehicle-to-Vehicle Collision
The risk of injury depends on the acceleration experienced. The average acceleration to which the vehicle is subject, <a>, is the overall change in the vehicle's velocity, ∆v, divided by the time, t, over which the crash occurs. The general form of Equation 2.4, with <a> increasing with speed and decreasing with crush distance, is correct, but the acceleration depends in detail on vehicle structure and crash specifics. And substantial upward deviations in peak acceleration occur.
The important characteristic of Equation 2.4 is the crush distance in the denominator. If well designed, a larger crush distance reduces the forces to which an occupant is subject; it also provides more time and space for internal constraints to act. Relatively small crush space has been a disadvantage of light vehicles because light vehicles have also been small.
The equations show the combined effects of mass and size. Equation 2.3 shows that a light vehicle tends to be unsafe in collision with a heavy vehicle; Equation 2.4 shows that a vehicle with a small crush space tends to be unsafe. However, it is difficult to distinguish the effect of weight and crush space/size on safety in crash statistics. We return to that issue in Section 4.
Extremely short acceleration pulses often do not lead to serious injury, but large pulses of several milliseconds do. Consider the crash time broken up into segments t i , each of a few milliseconds. In each segment the velocity changes ∆v i = a i t i . During the entire crash:
The peak acceleration, or maximum a i , provides a good indication of the severity of injury. The peak is of course higher than the average; how much greater, in various kinds of crashes, is a critical issue for the design of a safe vehicle. Through design of the crush space structures, the crush can be made smoother and the peak brought closer to the average. However, many crashes are complicated. All fatalities cannot be eliminated, and you cannot usually protect enough at high speeds.
A stylized graph of the acceleration to which the passenger compartment is subject in a frontal crash at 35 mph (~ 15 meters/second) is shown in Figure 2 .2. In this illustration, the maximum acceleration (actually deceleration) is 37g, where g is the acceleration due to gravity at the earth's surface. This is a near-fatal crash for a typical belted adult. The figure shows the "softness" of many cars in initial crushing, followed by stiffness when the process reaches hard structures, like the engine. The total area under the curve "a" equals ∆v and is roughly fixed by the masses, as shown by Equations 2.1 and 2.2. One way to mitigate the peak acceleration and associated injuries is to lengthen the time of the crash process, e.g., with a larger crush space, as shown by Equation 2.4. Another is to change designs to spread the acceleration more evenly during the time of the crash by adding energy-absorbing structures to even out the deceleration. In this illustration, the peak acceleration is about 2.5 times the average. Many cars and light trucks have stiffer front ends than shown here. 
Review of Research on Fatalities in 2-Vehicle Crashes and Vehicle Mass
In this section we address the risk faced by occupants of vehicles involved in a serious crash. In order to minimize the effect of exposure on fatality risk, we analyze the risk of fatality in two-vehicle collisions and study the ratio of the fatalities of the drivers of the two types of vehicles, i.e., the relative risk. One thus avoids the need to consider the likelihood of a collision.
Many analysts have studied the apparent relationship between vehicle weight and traffic injuries or deaths. To correlate deaths with low vehicle weight seems reasonable-the weights of vehicles in crashes are known and, as just discussed, the laws of physics show that heavier vehicles should experience lower accelerations in a crash.
The laws of physics are also compelling that crush distance should correlate with lower accelerations. However, it is not completely obvious which spatial size is the appropriate measure for a given crash, and the appropriate size is not, in any case, shown in typical vehicle specifications nor is it part of the crash database. As a result, little research has been done on the impact of vehicle size, independent of weight, on traffic fatalities (see, however, Joksch 1998). We will remind the reader that mass-dependence results are actually mass-size dependences.
Car-Car Frontal Collisions 14
In order to separate the effects of gross vehicle structure from vehicle mass/size, we consider car-car head-on collisions first. The risk of death usually depends on the acceleration. Empirically it depends strongly on the simple ratio of the masses shown in Equation 2.3. For all collisions between two cars, Joksch finds:
where R i is the risk of death in vehicle i. 15 In other words,
Thus, in a two-car collision it is much more likely for occupants of a light/small car to be killed than for occupants of a heavy/large car. With n = 3, the equation states, for example, that if car H is 1.6 as heavy as car L, and also correspondingly larger, then 1.58 3 = 4 times as many are killed in car L as in car H (in a sample of many collisions between them). 16 (For current model four-door sedans, Cadillac Seville and Honda Civic, the mass ratio is 1.58.) Actually, the power, here quoted as 3, varies with the types of vehicles and other considerations, but occupants of the lighter car are at greater risk in essentially all cases.
17
In Figure 3 .1, the fatality ratio, R L /R H , is shown against the mass ratio, m H /m L , in a log vs. log plot. The data points for head-on collisions (not shown) form a good straight line with a slope of approximately 3 as just discussed. For cars struck on the driver's side, the outstanding result is the order of magnitude of greater risk for the driver of the struck car than for the driver of the striking car. Side-impact collisions are discussed in the next subsection. 
Relative Risk, Recent Model Years
Changing safety-related technology can be expected to affect these mass-risk relations. We have analyzed the 1999 FARS to obtain the model year dependence of n in Equation 3.2. See Figure 3 .2. For the most recent group (model year 1995-99) in Figure 3 .2, the fatality risk ratio is significantly smaller than it was in the 1980s. If the average results of Figure 3 .2 are assumed to apply to Civics and Cadillacs, the fatality risk ratio is 2.3. 18 That is, in such collisions there would be 2.3 deaths of drivers in the Civics for each driver death in the Cadillacs. This is still a large ratio but not nearly as large as for earlier model years. (Note: There were, however, no fatal collisions between 4-door Civics and Sevilles in the past 20 years. Broughton [1994] has pointed out in the English context that rather different classes of cars "meet" less than one might think.) 
Absolute Risk
It is more risky to be in a light/small vehicle than in a heavy/large vehicle if the two collide. Let us ask: What is the risk to society considering the occupants of both vehicles? And how does that risk change as the masses of both vehicles are reduced? Analysts disagree on what crash data tell us about the net effect of mass/size on the deaths in both vehicles.
In what we find the most convincing analysis, Joksch shows that the dependence of the ratio R L /R H , just discussed, establishes rather generally that in collisions between two cars of the same mass there are fewer fatalities than for collisions between cars of different mass, but the same average mass. That is:
If the vehicle fleet were altered so that cars had less variation in mass, but were of the same average mass, there would be fewer fatalities. This analysis of Joksch is especially convincing because it is based on fatality ratios and therefore is insensitive to exposure uncertainties.
While this analysis implies that, in order to reduce traffic fatalities, the range of weights in the vehicle fleet should be decreased, it doesn't deal with the average vehicle weight. Should the average be increased or decreased? (Whether vehicle size should be changed independently is usually not discussed.)
These analyses require choosing a denominator, as discussed above. Recent choices made are shown in Table 3 .1. All these analyses use some measure of significant crashes, of which fatal crashes are a small fraction. Thus, they ask the question: Given the crash, what are the consequences? Analyzing two-car crash absolute risks, Kahane finds that across-the-board mass reductions lead to an decrease in fatalities in car-to-car collisions, but the result is not statistically significant. Earlier studies (such as Hertz 1997 , Evans 1992 , U.S. GAO 1995 found that across-the-board mass reductions would increase fatalities. Two important problems confront these analyses: (1) they involve strong assumptions about exposure; and (2) they depend on data from the 1980s, too old (in our view) for analysis of this subtle effect.
Side-Impacts, Car vs. Car
Most deaths in two-car crashes have been in front-to-front crashes. However, side-impacts have now become more important, probably reflecting improvements in protecting occupants in head-on collisions (see Figures 1.4 and 1.5) . The very high risk of drivers in vehicles struck on the side is shown for two crash configurations in Figure 3 .1, again as a function of mass ratio. In the case called "front/left side," the front of car A strikes car B on the driver's side. For cars of equal mass, fatalities of car B's driver occur about 6 times more often than fatalities of vehicle A's driver (Joksch, Massie, and Pichler 1988)! 19 The increase in the fatality ratio with increasing mass ratio discussed above for front-front collisions is seen to be similar for side-impact collisions, although it may be much less strong.
Collisions from the side are rather different from frontal collisions because there is so much less crush space, and the crashes tend to be at lower closing speed. Compared to frontal collisions, intrusion is more important and acceleration less important as the cause of death (Richter et al. 1994) . If very light cars recoil more, the intrusion may be less, so that occupants of light vehicles may be at lower risk. Although the ratio of deaths in the struck car compared to those in the striking car is high (see Figure 3 .1), the absolute number of sideimpact fatalities in the lightest cars may not be high.
Side-impact collision injuries are becoming a major focus of vehicle design and regulations. A new side-impact standard was introduced in the mid-1990s (FMVSS214), and air bags designed to mitigate moderate-speed impacts from the side are being developed and deployed. These are "torso" bags to protect at the abdomen and "curtain" bags to protect the head. Good results are being obtained for new vehicle models in standardized tests (IIHS 2000) . We can be confident that the trend for collisions at angle shown in Figure 1 .4 will change for the better, at least moderately.
However, the small crush space is an intrinsic problem; it will be difficult to greatly improve side-impact safety without increasing the crush space. Moreover, the standard crash test is flawed because the bottom of the barrier extends to the ground. In actual side-impact crashes, the effective front of the striking vehicle can be high enough to pass over the sill, creating the danger of intrusion through the door of the struck vehicle.
Cars vs. Light Trucks
Fatalities in car-truck head-on collisions are about 5 times higher in the car than in the SUV, and slightly less for other light trucks (Gabler and Hollowell 1998; Joksch 1998) . 20 In collisions where an SUV strikes the left side of a car, there are 30 driver fatalities in the struck car for each fatality in the striking SUV! In particular, Joksch, Massie, and Pichler (1998) find:
• 5 fatalities in the front-impacted car for each fatality in the SUV 19 This is for equal mass cars, after correcting for the frailty of aged drivers. 20 Here the light truck is of mass comparable to that of the car. The crashes are in the calendar years 1991-94.
• 30 fatalities in the side-impacted car for each fatality in the striking SUV • 6 fatalities in the side-impacted car for each fatality in the striking car Table 3 .2a enables comparison of the fatality risk for both drivers in car-car and car-light truck collisions (Joksch 2000, pp. 9-10) . The denominator is police-reported crashes. This approach shows, for example, that the ratio of fatalities in SUV-car collisions to those in carcar collisions is 2.32/1.28 = 1.8. Based on the 1,013 driver fatalities in SUV-car collisions (Table 3 .2b), the ratio 1.8 leads to an estimate that about 450 excess drivers' lives were lost in 1999 due to the substitution of SUVs for cars, including station wagons. On this basis, an annual excess of about 2,200 deaths may be associated with the use of light trucks as carsubstitutes. Physical characteristics responsible for this incompatibility in car-light truck collisions are the high bumper heights, stiff fronts, and high mass of the light truck. In the 15 years from 1984 to 1999, the sales-weighted curb weight of cars increased 284 lbs. while for light trucks it increased 638 lbs. (Heavenrich and Hellman 1999) .
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Manufacturers and regulators have begun to focus on this incompatibility. Following are two comments from the European car industry. From safety researchers at Renault: "The early seventies were marked by intense activity concerning the topic of "car" compatibility. Twenty years have gone by. Compatibility has made no progress on the roads throughout the world. Some might even claim that it has deteriorated further, with a greater increase in weight for large cars and with the appearance of leisure vehicles of exceptionally aggressive architecture" (Tarriere et al. 1994 ).
And Prof. Ulrich Seiffert, a distinguished automotive leader, formerly of Volkswagen, is quoted: "To protect the other users, compatibility must be included in the criteria of future legislation. Above all, it is important that the question of compatibility should be considered as a priority over increased speed in collisions against a fixed barrier, or else heavy vehicles would become less compatible" (quoted in Tarriere et al. 1994 ).
Finally, among U.S. manufacturers, Ford has recently announced several design changes to improve the compatibility between its SUVs and pickups, and other cars, starting in model year 2004 (Bradsher 2001) . This is a promising, if modest, beginning. Presumably similar steps are being taken by others.
Review of Research on Safety and Making Vehicles Lighter/Smaller

Analysis of Weight Reduction Based on Fatality Statistics
In this section we review broad studies that estimate the overall effect of reducing vehicle mass on safety. The most extensive examination of weight reduction is found in the recent studies by Kahane (1997) and Joksch (1998) . Kahane examines across-the-board mass reductions using a regression analysis of FARS data for model years 1985-93 and other data. Analyses such as Kahane's do not change weight and sizes independently. Rather, the stated change in weight is really a reduction in weight and size, as well as changes in other features, as they were related in the vehicles at that time. Kahane estimates that a 100 lb. reduction in car weights (but not truck weights) would reduce the number of fatalities in "other" cars and for pedestrians, bikers, and motorcyclists, but would increase the number of fatalities in rollovers, collisions with objects, and with light and heavy trucks. The net effect is an annual increase of 302 fatalities (1.13% increase). The projected increases in fatalities occur because both the weight and size of cars are reduced.
Similarly, Kahane estimates that a 100 lb. reduction in light truck weights would reduce fatalities in cars, pedestrians/bikers/motorcyclists, and other light trucks, but would increase the number of fatalities in rollovers, collisions with objects, and collisions with heavy trucks. The net effect is 40 fewer fatalities (0.26% decrease). We summarize Kahane's results for reducing the weights/sizes of cars in Table 4 .1 and light trucks in Table 4 .2. The principal limitation of Kahane's analysis is that the analysis does not separately deal with size and weight. It also is based on old crash data , and, as we have shown, a lot has changed. For example, trends in the mid-and late-1990s show that the tendency for the lightest cars to be unsafe in rollovers declined sharply (see Figure 1 .7). We also note that Kahane did not include in his regression models a variable for whether restraints (seat belts and/or airbags) were used.
22 Restraint use has a major impact on the likelihood of fatality in a serious crash. To the extent restraints vary by vehicle and/or crash type, the relationships Kahane estimates may not reflect inherent differences in vehicle design. "Modern car crashworthiness is based on the concept of using crush distance to decelerate occupants with their compartments. The passenger compartment, or 'safety cage,' is designed as a rigid structure. Front, rear, and side structures outside the cage, called the 'crush' or 'crumple' zones, are designed to absorb crash energy by crushing to reduce the forces reaching the passenger compartment." "Crush distance is the most important safety parameter that doesn't inherently conflict with greater fuel efficiency" (O'Neill 1995, pp. 4 & 7) .
As shown in Section 2, the average deceleration of the passenger compartment in a collision is inversely related to crush space, or distance. The crush space depends on vehicle dimensions, materials, and design. Lightweight materials (high-and ultrahigh-strength steels, aluminum, and plastics) greatly extend the options for increasing crush distances. The importance of crush space relative to mass as deduced from crash fatality statistics is controversial, but it is not difficult to make a convincing argument that increased crush space is a major factor in safety. Increased crush space enables reduction of acceleration in a given crash, provides space for increased stiffness where that is appropriate, and increases the space for deployment of internal constraints and for design of other structures to mitigate crashes.
The high risks associated with short crush spaces are exemplified by the risk of side-impact fatalities as compared to head-on crash fatalities. If a vehicle is very narrow or short, measures for protecting the passenger compartment are likely to require a radical redesign and might be costly (Richter et al. 1994 ).
The Joksch Analysis of Wheelbase and Mass
Car and light truck mass is correlated with size, as represented by wheelbase, so it is difficult to accurately separate the effects of size and mass in fatality statistics. 23 There is, however, some variation in wheelbase at a given mass: the full width of the wheelbase distribution at a given mass is about 15%, or 15 inches, although cars with relatively long and short wheelbases are becoming rare (Evans 1992; Joksch, Massie, and Pichler 1998) . 24 Joksch, Massie, and Pichler analyze car crashes between 1991 and 1994 with respect to curb weight relative to the normal, or average, weight at a given wheelbase. The "denominator" is police-reported crashes. They obtain results in the form of easy-to-understand graphs for crashworthiness and agressivity in car-to-car collisions, and for crashworthiness of cars in single-car collisions. Two-vehicle crashes. As is true of other studies, Joksch, Massie, and Pichler find that the risk for occupants decreases with increased weight and size, as they were related in the early 23 Wheelbase is the longitudinal distance between the axles. Wheelbase may not be an especially good measure of size for evaluation of safety but it is the only size measure in FARS. 24 Evans and Frick (1992) fit a regression line (with a very low correlation coefficient) through the origin to deduce, incorrectly, that fatalities are sensitive to mass but not to wheelbase.
1990s (Joksch, Massie, and Pichler 1998) . But they find there is no significant reduction in risk for the drivers of cars heavier than normal for a given wheelbase. For car-to-car collisions, standardized for driver age, they find that:
• Crashworthiness decreases if wheelbase and weight are reduced together at their normal relationship, but "overweight" at a given wheelbase contributes little or nothing to crashworthiness. And, very roughly, a 5% reduction in wheelbase increases the risk more than a 10% reduction in weight (Joksch, Massie, and Pichler 1998, Figures 5-6 and 5-8) .
• Aggressivity increases with increased wheelbase, as well as with overweight .
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Thus, car size is important for safety independent of car weight, for two reasons. First, short vehicles tend not to be safe. And making a car heavier than the norm for its size does not make its occupants safer. Second, aggressivity in two-car collisions increases with weight and size, at least for vehicles of early-1990s vintage. It is believed, however, that a heavy vehicle with a soft front can tend to protect occupants of a struck light vehicle, as suggested by Equation 2.4. Achieving such compatibility would be an engineering challenge.
One-vehicle crashes with a stationary object. As others have found for single-car crashes, Joksch, Massie, and Pichler conclude that increased weight and wheelbase, as they were related in the early 1990s, increase occupant safety (Joksch, Massie, and Pichler 1998) . But they find increasing weight beyond the norm at a given wheelbase does not increase safety in one-car crashes. And weight decrease at fixed wheelbase appears not to decrease safety, although this is somewhat uncertain (Joksch, Massie, and Pichler 1998, Figures 5-13A and 5-14B) . The argument has frequently been made, to the contrary, that collisions with objects that "give" (like a small tree) are safer for heavy vehicles than for light vehicles. Although true in principle, there is no information that shows this to be an important factor in actual single-vehicle fatalities. Joksch, Massie, and Pichler are careful to cite the possibility that confounding factors may explain some of these results. For example, "it is conceivable that more aggressive drivers drive overweight cars," making them appear less crashworthy than they are.
Light Car Design Studies
In Europe there is considerable interest in small light cars, very small and light compared to U.S. practice. There is an agreement to produce cars with fuel economy in the range of 3L/100km (79 mpg, neglecting driving cycle differences), and ultra-light "urban cars" are on their way to achieving that goal. In the United States, the Partnership for a New Generation of Vehicles (PNGV) has a similar fuel economy goal, but for vehicles of the same size as a current large U.S. car. In PNGV, the weight reduction would be achieved largely with light materials.
We have not found any European safety analyses dealing with light vehicles built with light materials. A Swiss group has designed and extensively studied the safety of a short light car made of standard materials (Frei et al. 1997) . (The length is 3 meters or 118". For comparison, the lengths of some small cars sold in the United States are Honda Civic = 175", Ford Focus 3-door = 168", and Toyota Echo = 163".) The Swiss group achieved some success, but the car is quite unusual in design and structure. It may support the conclusion of Richter et al. (1994) that making very small size cars safe would be expensive and would add weight.
A Safety-Fuel Economy Scenario
Fatalities in traffic crashes are declining per vehicle and per driver. Many safety improvements in vehicle and restraint design, highway design, and driver behavior are responsible for this remarkable improvement. But trends in some major kinds of crashes are deeply disturbing. In two-vehicle crashes, three overlapping categories have high fatality rates: light trucks striking cars, side-impacts, and crashes between vehicles of very different weights/sizes. Among one-vehicle crashes, rollovers of SUVs and crashes with stationary objects are slow to decline.
The scenario we envision for the light duty vehicle fleet focuses on changes in the basic physical design and mix of vehicles. The first priority in our scenario is to reduce traffic fatalities, the second to increase fuel economy. Close attention is given to options that would improve both safety and fuel economy, although, where they seem essential, changes that would increase safety but not fuel economy are included.
By "basic physical design" we refer to overall vehicle mass, general aspects of size, and general structure, as distinct from design specifics. While we focus on the basic physical design, it is essential to keep in mind that safety engineering offers many techniques-to improve occupant protection, improve compatibility, improve vehicle stability, and aid crash avoidance-that can be applied to vehicles regardless of their gross physical characteristics.
The Scenario
Fortunately, many potential changes in the vehicle system as a whole support both safety and higher fuel economy. These changes are related to a central theme: narrowing the range of light duty vehicle masses while maintaining or increasing selected spaces. The masses of larger/heavier vehicle types would be reduced, while masses of vehicle types that are now lighter would remain roughly the same. The variety of vehicle styles/types would be maintained through the use of mass-reduction technologies.
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In addition to mass reduction, the scenario assumes that other aspects of the compatibility of larger/heavier vehicles with smaller/lighter vehicles are improved. Design changes to improve compatibility should not affect fuel economy. For example, SUVs and pickups would have lower bumpers and be soft in the initial frontal crush, so that fatalities in impacted cars would be reduced.
In the scenario, lighter vehicles would stay at roughly their present overall mass, but would incorporate important safety improvements. These would be enabled, from mass and size perspectives, by combining mass-reduction technologies with expansions in dimensions. The lighter vehicles could be significantly wider to enable increased stiffness and padding on the sides. They could have larger frontal crush space. And they could also be higher, raising the sill and seat. Some of such changes would moderately increase the frontal area, or air-drag, component of the "vehicle load" but with the envisioned changes in propulsion efficiency, this class of vehicles would still have much higher fuel economy than at present. 
Mass-Reduction Technologies
Two or three major kinds of changes could be made to reduce mass independent of size:
(1) The basic structural design of those light truck car-substitutes that are now body-onframe would instead be unibody, like today's cars, or perhaps space frame. These structures lend themselves to greater compatibility as well.
(2) The use of lightweight materials would be emphasized, such as high-and ultrahighstrength steels, aluminum, and engineering plastics.
(3) High-efficiency propulsion systems would be much lighter than is conventional. The technologies could include: (a) smaller displacement engines with high specific power (high ratio of power-to-displacement); (b) automatic transmissions without torque converter (with motor-shifted standard transmissions using a sophisticated clutch and management to assure smooth acceleration, or with continuously variable transmission); and (c) on-shaft starter-generators, with a 42 V electrical system, enabling idle-off and other modest hybrid-drive capabilities without incurring a significant battery mass penalty. 28 The shift busyness and slight shift delays that might characterize driving with a powerful but small engine could interfere with marketing. But minimizing this potential problem should be viewed as an engineering challenge that can be addressed by making use of the minimal hybridelectric capability or appropriate transmission technology. Although these technologies exploit the major energy losses in present vehicles, no particular technology is essential to our scenario. The technologies listed show that efficiency 27 It is assumed that ultra-light vehicles would not be a significant part of the mix on major roads. Small "urban" cars, of interest in Europe and Japan, might possibly have a role in the United States, but we assume in this scenario that those very small cars do not come into widespread use on high-speed roads. Our focus is the safety of vehicles in the general high-speed environment of the United States, so we don't consider these small urban cars. 28 The motor-driven transmission, as envisioned, is not produced today, and the integrated starter generator may only be in a VW Golf. However, the pace of change in such electrical components and controls is indeed rapid. improvement can accompany weight reduction. It is assumed that new vehicles embodying major mass or size changes will be built from the ground up, so this is a long-term scenario for wide-scale adoption. Major improvements are more difficult to achieve by dropping technologies into existing designs.
To illustrate with particular numbers, we assume that the mass range (curb weights) of most light duty vehicles would be brought essentially to 2,400-3,300 lbs. The present distribution of inertial weights (curb weight plus 300 lbs.) is shown in Figure 5 .1. Mass reductions of up to 33% are projected, e.g., a 4,800 lb. curb weight light truck car-substitute is redesigned to achieve 3,200 lb. curb weight. To achieve such major mass reductions while maintaining the size and performance characteristics that attract customers would be a major engineering challenge. And there would be challenges in redesigning effective crush regions using new materials. 
Lives Saved
We only make rough estimates of the impact of our scenario on future traffic fatalities, and only for the two most critical types of crashes: crashes between two light duty vehicles, and crashes of light duty vehicles with stationary objects. We estimate that bringing vehicle masses together (by making what are now heavier vehicles lighter while making lighter vehicles larger at the same weight) and increasing other compatibility characteristics would save about 2,200 lives a year in two-vehicle crashes, based on 1999 fatality rates. This estimate is based solely on the excess of deaths in light truck-to-car crashes (as analyzed in Section 3.3) for those light trucks used as car substitutes. In this scenario there would also be many lives saved in car-to-car crashes, but some extra lives lost in heavy truck-to-light duty vehicle crashes.
For fatalities in one-vehicle crashes with stationary objects, we estimate that weight reduction without size reduction would lead to an increase of, at most, half of that estimated by Kahane because our scenario calls for selected changes in the historical correlation between vehicle weight and size. This corresponds to a 0.65% increase in this crash category per 100 lb. weight reduction (0.65% is roughly half of the average effect on car and truck weight reduction in Tables 4.1 and 4.2). We propose the decrease in weight for a small part of the existing car fleet and most of the light truck fleet (the classes 3,700 lb. curb weight and above). This implies an average 1,000 lb. decrease in the mass of these light trucks and heavy cars. We thus estimate an increase of about 360 deaths per year in one-vehicle crashes. 29 We believe this to be an overestimate, given the continuing practical opportunities to improve safety technologies.
Neglecting such further opportunities, we thus estimate that about two thousand lives would be saved annually.
Fuel Economy Improvement
The reductions in vehicle masses and the adoption of lightweight high-efficiency propulsion technologies lie between the "moderate" and "advanced" packages of fuel economy technologies described in DeCicco, An, and Ross (2001) . In that analysis, the average improvements in the fuel economy are 47% and 70% for the moderate and advanced cases, respectively. (These fuel economies are all regulatory test values, where the car and light truck standards are 27.5 and 20.7 mpg, respectively. The combined fuel economy for cars and light trucks with 1999 sales weighting is 24.1 mpg.) The projected combined fuel economy improvement is 55%, just over one half. The percent improvement on the road would be somewhat better because the vehicle accessories, especially air conditioning, can be much more efficient when driven electrically as would be the case with the integrated startergenerator.
Qualitative Cost Impacts
There would be increases in manufacturing cost-per-unit in this scenario if the lightweight materials aluminum and engineering plastics, which are more expensive than conventional materials, are substantially involved. However, some mass reductions can be realized without those materials. Ultralight steel techniques can trim 15-20% off of today's steel bodies, as well as associated parts. Thus, substantial substitution of more-costly materials may only be needed for the most challenging vehicles-the heavier light truck car substitutes in noncommercial use. We have not made a detailed analysis, but see DeCicco, An, and Ross (2001).
There would, on the other hand, be major development and re-tooling costs distinct from the per-unit manufacturing costs. But design aspects of the vehicle market are now evolving rapidly. The development and tooling costs may be no higher than those under a business-asusual scenario in which automakers make little use of the safety opportunities associated with the basic physical design approach sketched here. It may be more a matter of which choices are made within a given product development budget than an issue of this approach requiring higher budgets.
The exception would be special costs associated with increased use of higher cost materials. However, these possible impacts can be viewed in the context of delaying some "marketable" vehicle features, even some things sold on the basis of safety (such as telematics systems, warning devices, etc.), with marginal actual safety advantages when compared to the potentially large advantages from designing physically compatible vehicles. Thus, delaying safety technologies that might have low real world safety value could be a way to save development dollars for the more fundamental design enhancements we propose.
